Abstract. Incorporation of alkaline-earth cations into the zircon-type lattice of CeI_~A~VO4+ 6 (A = Ca, Sr; x = 0 -0.2) was found to significantly increase the p-type electronic conductivity and to decrease the Seebeck coefficient, which becomes negative at x > 0.1. The oxygen ionic conductivity is essentially unaffected by doping. The ion transference numbers of Cet_~A~VO4+~ in air, determined by the faradaic efficiency measurements, are in the range from 2 x 10-* to 6 x 10 -3 at 973-1223 K, increasing when temperature increases or alkaline-earth cation content decreases.
Introduction
Phases derived from cerium orthovanadate, CeVO4, attract a significant interest due to their unique optical, catalytic and electrical properties, suggesting potential applications as counter electrodes in electrochromic devices, oxidation catalysts and luminescent materials [1] [2] [3] [4] [5] [6] [7] [8] . The compound CeVOr having a tetragonal zircon-type structure (space group I4/amd), is one of exceptional examples where Ce 3 § cations are stabilized in oxidizing conditions, particularly in air. The dominant trivalent state of cerium ions was confu-med by X-ray absorption spectroscopy (XAS) and thermogravimetric analysis (TGA) [7, 9] . These data cannot however exclude a presence of minor fractions of Ce 4+, supposed in Ref. [5] .
The total conductivity of undoped cerium orthovanadate is predominantly p-type electronic, with activation energy of approximately 0.37 eV at 380-995 K [7] . At 400-680 K, the electron-hole transport was assumed to occur via the hopping between Ce 4+ and Ce 3+ ions [5] . Substitution of cerium with lower-valence cations, particularly calcium and strontium, considerably increases total conductivity. The highest values of the conductivity in air were reported for the compositions Ce0.gCa0.zVO4 and Ce09Sr0.tVO4 [7] . The oxygen ionic transference numbers of CeVOz and Ce~ ,AxVO4 (A = Ca, Sr, Pb), evaluated by the e.m.f. method at temperatures up to 1073 K, were found lower than the detection limit [7] .
As CeVO4-based phases possess a high catalytic activity [4] combined with a significant total conductivity [7] , these materials may be of interest for high-temperature electrochemical applications, provided that they meet the requirements on phase stability and ionic transport under the operation conditions. The present work is centered on the study of partial oxygen ionic and p-type electronic conductivities of Ce~ xAxVO4 (A = Ca, Sr: x = 0 -0.2) in atmospheric air. *Corresponding author. Present address: Department of Ceramics and Glass Engineering, CICECO. University of Aveiro, 3810-193 Aveiro, Portugal. Fax: +351-234-425300; Tel.: +351-234-370263; E-mail: kharton@cv.ua.pt
Experimental Description
Single-phase powders of CeVO4, Ce0.9Sr0.1VO 4 and Cel_xCaxVO 4 (x = 0.1 and 0.2) were synthesized by a standard ceramic route from the stoichiometric amounts of high-purity Ce(NO3)3.6H20 , V205, SrCO 3 and CaCO 3. The reactions were conducted at 823 -1123 K for 10-30 hours in air. Formation of single zircon-type phases was conf'm-ned by X-ray diffraction (XRD) analysis. Gas-tight ceramics were obtained from the ball-milled powders, compacted at 200-350 MPa into the disks (diameter of 10-15 ram) and then sintered at 1420 -1650 K during 2 -8 hours with subsequent slow cooling, in order to achieve equilibrium with air at low temperatures. Characterization of the ceramic materials involved XRD, scanning electron microscopy combined with energy dispersive spectroscopy (SEM/ EDS), and thermogravimetric and differential thermal analysis (TGA/DTA). The total electrical conductivity in air (Fig. 1 ), a direct current Im was passed through the sample pumping oxygen into the cell, and a current Iout was simultaneously passed through the pump, removing oxygen from the cell. The time-independent current values were adjusted to provide sensor e.m.f, values to be constant and close to zero:
where p~ and P2 were the oxygen partial pressures inside and 
Respectively, the oxygen ion transference number can be determined as
Each to value presented in this paper was averaged from 2-4 experimental data points. 
, porous ceramic insertions, (7), thermocouple, (8), Pt electrodes applied onto the specimen, (9), furnace.
Results and Discussion
XRD and SEM/EDS analyses detected no secondary phases in the sintered Cel_xAxVO 4 ceramics. One example of X-ray diffraction pattern for undoped CeVO4 at room temperature is given in Fig Pauw methods and the AC impedance spectroscopy, were found to be equal within the limits of experimental uncertainty and very similar to literature data [7] . Nevertheless, the overall trend is essentially due to the main conductivity contribution, which is, as discussed below, p-type electronic; one cannot exclude the possibility of significant grain (Table   1 ). In both cases, E a values were found to decrease with increasing dopant concentration.
Although at temperatures below 1100 K ionic conductivity of pure cerium vanadate is slightly lower than that of Ca-containing compositions, the values of ~o are quite similar for all studied materials, being dependent on the type of dopant cations rather than on their concentration ( Fig.   6A ): this can be interpreted in terms of a dominant interstitial migration mechanism, related to hyper-stoichiometric oxygen in the lattice. Though this finding is not compelling evidence, the structure refinement and electron-hole concentration calculations [15] also suggest significant oxygen excess. Some authors [7] [8] [9] assumed cerium vanadate phase to be nearly oxygen-stoichiometric, with a prevailing charge compensation mechanism via the oxygen vacancy formation. In this case, however, a systematic increase in the ionic conduction with Ca content should be expected due to increasing oxygen vacancy concentration, which is not observed experimentally. On the other hand, a coexistence of oxygen vacancies and interstitials with an intrinsic Frenkel-type equilibrium in the CeI_,Ca,VO4+ a lattice, like in La2NiO4+8-based phases [16] , cannot be entirely excluded. Another necessary comment is that the higher ionic conductivity of Ce0.9Sr0~VO4+ a in comparison with CeI_,Ca,VO4+8 (x = 0 -0.2) seems to be analogous to the behavior of perovskite-type materials, where the ionic transport increases with increasing A-site cation radius (see [16] and references cited).
Contrary to the oxygen ionic conduction, the values of electronic conductivity are determined by the acceptor dopant concentration and are almost independent of the type of Asite substituent (Fig. 6B) . In particular, Ce0.gCao ~VO4+8 and Ce0.9Sr 0 iVO4+a exhibit similar level of electron-hole transport. This behavior suggests the charge compensation mechanism via the formation of holes located, most likely, on cerium cations, which has no essential effect on the anion charge carrier concentration. In combination with the negative slope of c~-T dependencies (Fig. 6C) , the systematic increase in the conductivity on acceptor doping (Fig. 6B) confirms that the p-type electronic conduction is dominant compared to n-type.
The Seebeck coefficient of pure CeVO4+~ is positive (Fig. 6C ), in agreement with literature [5, 7] . Doping with calcium and strontium leads to a change in the sign of thermo-e.m.f.; the type of temperature dependencies of the electrical properties remains, however, similar to that of undoped cerium orthovanadate. The Jonker-type analysis [17] of these data shows that such a behavior results from increasing hole concentration and cannot be attributed to a transition from p-to n-type conduction. In particular, all c~-ln(o) isotherms presenting the data points with different calcium content have a negative slope comparable to -k/e (Fig. 7) . Taking into account literature data [18] showing that electronic conduction in both cerium and vanadium oxides occurs via hopping mechanisms, small polaron conduction in Ce~ xAxVO4+6 was assumed. For a hopping mechanism, the Seebeck coefficient (c0 can be expressed as [17] [18] [19] 
where p is the hole concentration, N is the total concentration of sites participating in the conduction process, q is the transported heat of the holes, and ~ is the blocking factor, which renders a fraction of the sites neighbouring a charge carrier unavailable for occupancy. The transported heat, q, which can be estimated from the temperature dependencies of thermopower at fixed career concentration, is often neglected [19] . Evaluation of p/N ratio by eq. (5) shows that more than a half of sites, available for hopping in the lattice of Cel xAxVO4+a, should be occupied; the p/N ratio increasing from 0.61 ( these conditions is 5+ [8] , and V 5+ cations in vanadates contribute, as a rule, to n-type electronic transport [5] .
Thus, cerium sublattice is supposed to provide the electronhole conduction. This assumption is supported by the decl~ease in the tetragonal unit cell parameters on doping (inset in Fig. 2A ), suggesting the presence of Ce 4+ cations since the ionic radius of 8-coordinated cations increases as Ce 4+ < Ce 3+ ~ Ca 2+ < Sr 2+. However, occurrence of high fractions of tetravalent ceria (60-90%) would contradict the XAS and TGA data [7, 9] . Therefore, a significant part of cerium sites is probably blocked and is not available for the electron-hole hopping, probably due to local distortion of the lattice near Ce 4+ cations having relatively small size.
Conclusions
Dense single-phase ceramics of zircon-type Cel xAxVO4
(A= Ca, Sr; x= 0-0.2) were studied using XRD, SEM/EDS, and the measurements of total electrical conductivity, faradaic efficiency and Seebeck coefficient at 973-1223 K in air. Substitution of cerium with alkaline-earth cations leads to a higher p-type electronic conductivity and to lower Seebeck coefficient, which changes the sign from positive to negative due to increasing electron-hole concentration. The oxygen ion transference numbers of 
